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ABSTRACT 


The  objective  of  this  research  effort  was  to  establish  a  practical  means 
of  alleviating  the  hazard  to  personnel  within  occupied  areas  of  Army 
aircraft  due  to  secondary  projectiles  (spall  and  debris)  created  by  bal¬ 
listic  impact  of  aircraft  structure  and  equipment  by  small-arms 
projectiles.  The  characteristics  of  secondary  fragments  generated  by 
ballistic  penetration  of  typical  aircraft  structural  materials  were  estab¬ 
lished  for  a  variety  of  impact  conditions.  The  impact  conditions  which 
created  the  greatest  hazard  to  personnel  due  to  secondary  fragments 
were  used  to  evaluate  suppressant  systems  designed  to  reduce  or 
eliminate  this  hazard.  A  suppressant  system  was  developed  which 
proved  to  be  capable  of  stopping  virtually  all  secondary  fragments  gen¬ 
erated  by  impact  of  structural  materials  tested. 
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I.  INTRODUCTION 


The  primary  objective  of  the  research  reported  herein  was  to  establish 
a  practical  means  of  alleviating  the  hazard  to  personnel  within  oc¬ 
cupied  areas  of  Army  aircraft  due  to  secondary  projectiles  (spill  and 
debris)  created  by  ballistic  impact  of  aircraft  structure  and  equipment 
by  small  arms  projectiles.  To  achieve  this  objective,  the  program 
was  conducted  in  two  semi -concurrent  phases  outlined  below: 

Phase  I.  Experimental  determination  of  physical  and  dynamic  charac¬ 
teristics  of  fragments  generated  when  typical  aircraft  materials  were 
impacted  by  yawing  caliber  .  30  projectiles.  Specific  conditions  for 
impact  were  as  follows: 

Projectiles:  caliber  .  30  AP  M2  and  caliber  .  30  ball  M2 
Impact  Velocities:  1500  and  2500  feet  per  second 
Target  Obliquities:  0  and  45  degrees  (CCW  from  above) 
Projectile  Yaw  at  Impact:  45  and  90  degrees  (CW)  and  45 
degrees  (CCW) 

The  materials  and  equipment  which  were  impacted  in  accordance  with 
the  above  criteria  are  listed  in  Section  III. 

Test  results,  summarized  in  Appendix  II,  were  analyzed  to  determine 
the  repeatability  and  predictability  of  impact  test  results  and  to  deter¬ 
mine  the  impact  conditions  which  create  fragments  presenting  the 
greatest  hazard  to  personnel. 

Phase  II.  Selection  and  development  of  suppressant  systems  capable 
of  eliminating  the  hazard  due  to  secondary  fragments.  These  sup¬ 
pressant  systems  were  evaluated  under  those  impact  conditions 
determined  in  Phase  I  to  be  most  hazardous  to  personnel. 

The  experimental  procedures  employed  and  the  results  of  the  program 
are  discussed  in  following  sections. 
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II.  EQUIPMENT  AND  EXPERIMENTAL  TECHNIQUES 


2.  1  PROJECTILE  LAUNCH  TECHNIQUE 


Several  methods  for  obtaining  the  specified  projectile  yaw  angles  were 
considered;  the  simplest  and  most  straightforward  was  tried  first  and 
proved  to  be  reliable.  The  projectiles  were  fired  from  a  smoothbore 
gun  (0.  308-inch  Ijore)  having  an  asymmetrical  geometry  at  the  muzzle; 
i.e.  ,  a  muzzle  attachment  was  used  which  had  a  stepped  exit,  as  shown 
in  Figures  1  and  2.  As  the  projectile  emerged,  the  propellant  gases 
were  released  more  rapidly  on  one  side  of  the  projectile  and  a  lateral 
force  was  applied  to  its  base.  Since  the  projectile  was  not  spin- 
stabilized,  it  yawed  quite  freely  in  response  to  this  lateral  force. 

There  was  also  a  slight  tendency  for  the  projectile  fo  pitch  when 
launched  in  this  manner,  A  series  of  tests  was  conducted  to  determine 
the  yaw  rates  and  the  repeatability  when  this  launch  technique  was 
used  for  two  projectiles  at  specified  velocities;  the  four-channel  Model 
730  Fexitron  X-ray  system  was  used,  as  schematically  illustrated  in 
Figure  3.  The  yaw  and  pitch  rates  for  a  given  projectile  and  velocity 
were  found  to  be  constant  and  repeatable;  thus,  the  yaw  angle  at 
impact  could  be  predetermined  by  controlling  the  distance  from 
muzzle  to  target.  The  pitch  attitude  at  impact  was  corrected  to  zero 
degrees  for  each  distance  by  angular  adjustment  of  the  muzzle  attach¬ 
ment. 

2.2  EQUIPMENT  AND  PROCEDURES 


The  basic  arrangement  for  conduct  of  the  experimental  program  is 
shown  schematically  in  Figure  4.  A  target  chamber  was  constructed 
in  which  the  target,  witness  screens,  velocity  switches,  etc.  ,  could 
be  maintained  with  fixed  distance  relationships  to  one  another.  The 
fragment  velocity  witness  was  divided  into  36  zones,  16  ot  which 
could  be  instrumented  with  velocity  switches  in  any  one  test.  Contin¬ 
uous,  conductive -printed-circuit ,  ballistic  tape  was  used  for  velocity 
switches  to  determine  time  of  flight  for  projectile  and  fragments;  a 
typical  setup  for  a  test  is  illustrated  in  Figure  5.  The  velocity  switch 
circuits  were  connected  to  a  multiple -channel ,  time -measurement 
system.  The  time  of  flight  of  the  projectile  between  velocity  switches 
1  and  2  was  recorded  on  a  counter  providing  data  for  determination  of 
projectile  velocity  (see  Figure  4).  When  the  circuit  for  switch  2  was 
broken,  a  type  555  oscilloscope  received  a  start  signal,  and  each 
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circuit  broken  thereafter  by  projectile  or  fragments  produced  a  signal 
which  was  characteristic  of  the  particular  zone  in  which  tl  e  switch  was 
located.  These  signals  were  recorded  on  the  oscilloscope;  a  typical 
Polaroid  oscilloscope  record  is  presented  in  Figure  6.  From  this 
record,  time  of  flight  of  the  fastest  fragment  to  cut  the  circuit  in  each 
zone  was  obtained  for  velocity  determination.  Data  reduction  proce¬ 
dures  are  discussed  in  Section  III,  and  further  discussion  of  the  instru¬ 
mentation  is  presented  in  Appendix  I.  Other  special  equipment  used 
to  provide  further  insight  into  dynamics  of  secondary  fragments 
included  high-speed  photographic  and  X-radiographic  equipment. 

Some  of  the  tests  were  covered  by  a  Model  WF -3  Fastax  camera  run¬ 
ning  at  approximately  7000  frames  per  second.  Other  tests  were 
covered  by  a  Model  326  Dynafax  camera  operating  at  25, 00C  frames 
per  second. 
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HI,  SECONDARY  FRAGMENTS  GENERATED  DURING  NORMAL 


AND  OBLIQUE  BALLISTIC  IMPACT  OF  PLATE 
GEOMETRIES  BY  YAWING  PROJECTILES 


Secondary  fragments,  generated  when  projectiles  impact  target  com¬ 
ponents,  represent  an  additional  threat  to  components  and  personnel. 

To  design  suppressant  systems  to  defeat  this  threat,  or  to  account  for 
secondary  fragment  effects  during  vulnerability  studies,  it  is  necessary 
to  define  the  threat  in  sufficient  detail  for  such  purposes.  Yawing 
caliber  .  30  armor-piercing  and  ball  projectiles  were  fired  (impact 
velocities:  2500  and  1500  feet  per  second)  at  single  and  double,  rolled, 
metal  plate  geometries,  cast  alloy  plates,  transparent  plates,  wire 
bundles,  and  various  aircraft  components  (nominal  plate  thicknesses: 
2024  T3  aluminum  single  plates  -  0. 025,  0.  040,  0.  063  inch;  cast 
aluminum  and  magnesium  alloys  -  0.  125,  0.025  inch).  The  experi¬ 
ments  were  designed  to  determine  secondary  fragment  patterns  (spray 
angles)  and  the  typical  characteristics  of  individual  fragments  in  terms 
of  (1)  their  weights  and  shapes,  (2)  their  trajectories,  and  (3)  their 
velocities. 

As  the  definition  of  the  secondary  fragment  threat  emerged  from  the 
experimental  urogram,  design  criteria  for  the  development  of  suppres¬ 
sant  systems  were  formulated.  These  criteria  can  be  used  to  guide 
the  development  of  design  concepts  into  effective,  efficient,  and 
practical  suppressants  capable  of  defeating  specific  secondary  fragment 
threats.  Since  suppressant  systems  are  not  armor  systems  and,  thus, 
are  not  designed  to  defeat  the  primary  projectile,  they  should  perturb 
the  projectile  as  little  as  possible. 

3.  1  DEFINITION  OF  SECONDARY  FRAGMENT  THREAT 


An  objective  of  the  experimental  program  was  to  define  the  dynamics 
of  secondary  fragments  generated  when  a  projectile  strikes  and  perfo¬ 
rates  specified  target  materials  and  items.  Information  gained  from 
the  experiments  was  utilized  to  define,  quantitatively,  the  threat  repre¬ 
sented  by  such  secondary  fragments.  It  served  as  a  basis  for  evaluating 
suppressant  concepts  aimed  at  defeating  the  threat. 

When  an  overmatching  projectile  encounters  a  target,  it  may  pass  on 
through  intact  or  it  may  break  up  (portions  of  its  jacket  may  be  stripped 
off  and  the  core  may  break).  The  ballistic  impact  will  generate 
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secondary  fragments  composed  of  target  materials.  Impact  velocity, 
obliquity,  and  projectile  yaw  will  each  influence  the  characteristics  of 
projectile  breakup  and  secondary  fragment  generation.  To  properly 
define  the  threat  associated  with  a  specified  projectile-target  encounter, 
it  is  necessary  to  determine  the  weight,  shape,  velocity,  and  direction 
of  the  major  fragments,  as  well  as  the  beam-spray  angles  which 
establish  the  boundaries  of  affected  zones  behind  the  target.  Experi¬ 
mental  results  have  been  correlated  empirically,  and  a  predictive 
equation  for  secondary  fragment  velocity  has  been  developed.  The  data 
on  aluminum  rolled  plates  and  aluminum  cast  plates  were  used  to 
develop  empirical  and  analytical  relationships.  These  relationships 
serve  to  correlate  the  data  for  cast  magnesium  plates  and  to  provide  a 
basis  for  comparisons  with  data  obtained  on  glass  and  Plexiglas  plate 
materials,  as  well  as  tubing  and  wire  bundles.  Consequently,  the 
development  of  empirical  and  analytical  relationships  pertaining  to 
aluminum  rolled  and  cast  plates  precedes  the  consideration  of  other 
materials  in  this  report. 


The  following  indicates  the  scope  of  the  experimental  program: 


Projectiles: 


caliber  .  30  armor-piercing  (AP-M2)  and 
caliber  .  30  ball  (M/2) 


Target  Materials:  Plate  (rolled  and  cast  aluminum,  cast 

magnesium,  glass,  safety  glass,  Plexiglas) 
Steel  tubing 
Wire  bundles 
Flight  instruments 


Impact  Velocities: 
Impact  Obliquities: 
Projectile  Yaw: 


2500  and  1500  feet  per  second 

0  and  45  degrees  (CCW) 

45  and  90  degrees  (CW)  and  45  degrees 
(CCW) 


3.2  EXPERIMENTAL  PROCEDURES  AND  DATA  REDUCTION 


The  symbols  defined  on  page  xi  are  used  consistently  throughout  this 
discussion.  Figure  7  illustrates  the  means  by  which  the  required 
measurements  are  made.  The  plan  view  shows  the  projectile  moving 
toward  the  target  with  a  velocity,  V0,  along  a  trajectory  which  encoun¬ 
ters  the  target  at  an  obliquity,  0.  Obliquity  is  measured  between  the 
trajectory  and  the  norm.nl  to  the  target.  (Since  t1  e  plate  and  its  normal 
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are  rotated  counterclockwise,  the  illustrated  obliquity  is  defined  as  0 
(CCW).  )  As  depicted,  the  projectile  is  yawed  counterclockwise  in  the 
plane  of  the  plan  view  at  an  angle,  0.  As  the  projectile  passes  through 
the  target,  it  is  deflected  slightly  to  the  right  and  downward  from  its 
initial  trajectory,  impacting  at  3.  Secondary  fragments  encounter  the 
pattern  witness  within  the  dashed  rectangle  shown  on  the  front  elevation 
view.  The  beam  spray  angle,  ax.  defines  the  width  of  the  rectangle 
(XL  plus  Xr)  for  a  given  value  of  D0p;  the  angles  and  or  sum  to  ax 
and  locate  the  vertical  edges  of  the  rectangle.  Angles  ay»  <HJ  anc*  QD 
denne  the  height  of  the  rectangle  (Yu  >lus  YD)  and  locate  the  horizontal 
edges  in  a  similar  manner. 

For  ease  of  illustration,  only  one  major  fragment  (identified  as  F)  is 
shown  on  the  plan  view.  The  times  required  for  major  fragments  to 
traverse  the  distance  between  target  impact  and  the  velocity  witness 
are  measured  using;  break  screens;  the  flight  distances  are  measured 
so  hat  fragment  velocity,  Vrf,  can  be  determined.  A  fragment  velocity 
can  be  measured  for  each  of  the  zones  (16  shown)  which  make  up  the 
velocity  witness.  Major  fragments  are  those  for  which  weight  is 
recorded.  A  rectangle  defined  by  the  four  maximum  values  of  x  and  y 
(or  Px  and  Py)  associated  with  the  major  fragments  can  be  used  to  estab¬ 
lish  beam-spray  information  pertaining  to  the  major  fragments.  The 
direction  of  major  fragments  is  established  by  measuring  x  and  y  dis¬ 
placements  from  a  reference  point  on  the  witness  (this  reference  point 
is  defined  by  the  intercept  of  the  pre-impact  trajectory  of  the  projectile 
with  the  witness).  The  radius,  r,  is  also  measured.  These  measure¬ 
ments  are  used  w'ith  the  normal  distance,  D0,  to  determine  the  angular 
relationships  between  the  pre-impact  trajectory  of  the  projectile  and 
the  direction  taken  by  a  fragment.  The  angle  between  these  two  lines 
is  identified  by  p;  its  tangent  is  r/D0.  The  projections  of  the  fragment 
trajectory  on  the  x  and  y  planes  are  defined  by  angles  px  and  Bv  whose 
respective  tangents  are  x  D0  and  y  'D0. 

li  a  standard  constant  normal  distance  is  maintained  between  the  impact 
point  and  the  pattern  witness,  lengths  measured  on  the  witness  are 
diret  tlv  related  to  angles,  and  fragment  patterns  can  be  compared 
directly.  Direct  comparts  )n  04  fragment  patterns  is  especially  useful 
when  suppressant  materials  are  being  evaluated,  effects  of  a  suppres¬ 
sant  on  patterns  are  directly  observable  A  normal  distance,  D.0,  of 
approximately  I)  inches  was  used 


Two  types  of  rectangles  are  used  to  define  the  limits  of  fragment  spray 
patterns.  Those  which  define  the  limits  of  the  total  pattern  include  all 
fragment  impacts  arbitrarily.  Those  which  define  the  limits  of  the 
major  fragment  pattern  include  all  major  fragment  impacts  (fragments 
whose  weights  are  recorded)  arbitrarily.  Judgement  is  not  required  to 
determine  rectangles  in  this  manner.  Several  rectangles  related  to  a 
given  geometry  are  compared,  and  a  more  typical  rectangle  is  obtained 
by  including  within  it  those  areas  which  are  common  to  the  majority. 

A  standard  data  reduction  sheet,  completed  as  shown  in  Figure  8,  was 
used  to  record  and  reduce  experimental  data.  Each  completed  sheet 
is  a  formal  representation  of  the  test  results.  Information  in  the  upper 
right-hand  corner  describes  the  pre-impact  geometry  of  the  test.  The 
target  is  described  in  the  upper  left-hand  corner.  Post-impact  condi¬ 
tions  pertaining  to  the  projectile  follow.  A  record  was  made  of  the 
zones  which  sustain  fragment  impact;  the  approximate  number  of  frag¬ 
ment  impacts  in  each  zone  was  noted.  That  zone  which  contained  the 
reference  point  defined  by  the  pre-impact  trajectory  intercept  was 
listed  first.  The  velocity  witness  provided  a  measurement  of  time  of 
flight  for  the  fastest  fragment  which  succeeded  in  breaking  the  printed 
circuit  in  each  zone.  These  velocities  were  recorded  as  being  typical 
of  fragment  velocities  in  each  zone.  Major  recovered  fragments  were 
weighed.  Their  dimensions  were  recorded,  as  well  as  their  shape, 
to  establish  typical  fragment  geometries.  Measurements  of  x,  y,  and  r 
were  made,  and  angles  were  determined.  Beam-spray  angles  were 
determined  from  the  pattern  witness  and  listed  on  the  sheet. 

High-speed  photography  and  flash  X-rays  were  used  to  obtain  detailed 
information  concerning  the  dynamics  of  secondary  fragments  and  the 
perforating  projectile.  Figure  9  illustrates  the  nature  of  the  secondary 
fragment  problem.  This  Dynafax  high-speed  photographic  series 
records  the  post-impact  dynamics  associated  with  oblique  perforation 
of  a  0.  188-inch  cast  aluminum  plate  by  a  yawed  ball  projectile  (Test 
No.  237:  impact  obliquity,  projectile  yaw,  and  projectile  velocity  were 
45  degrees  CCW,  90  degrees  CW,  and  2500  feet  per  second  respectively). 
The  orthogonal  flash  X-ray  photographs,  reproduced  on  Figure  10, 
illustrate  the  fragment  pattern  272  microseconds  after  perforation  of 
a  similar  cast  aluminum  plate  at  zero  obliquity  (AP-M2  projectile  yaw 
and  velocity  were  90  degrees  and  2530  feet  per  second,  respectively). 

The  horizontal  (plan)  view  is  parallel  to  the  plane  in  which  obliquity 
and  yaw  angles  are  measured;  the  vertical  (elevation)  view  is  parallel 
to  the  plane  containing  the  vertical  axis  of  rotation  about  which  angles 
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are  measured  (see  Figure  7).  Symmetry  should  be  observed  in  the 
vertical  view.  These  results  typify  secondary  fragment  dynamics  for 
cast  materials  and  other  materials  which  are  characteristically  suscep¬ 
tible  to  brittle  fracture.  Ductile  materials  produce  fewer  fragments, 
but  dispersion  patterns  and  velocities  are  similar.  Note  that  certain 
fragments  possess  higher  velocities  than  the  residual  velocity  of  the 
projectile  Patterns  as  projected  on  planes  tend  to  be  elliptic  and,  in 
many  cases,  nearlv  circular.  Circular  patterns  would  indicate  that 
fragment  velocity  is  directly  proportional  to  the  cosine  of  the  direction 
angle,  p,  defined  as  the  angle  between  the  fragment  trajectory  and  the 
initial  trajectory  of  the  projectile.  Note  that  the  initial  trajectory  does 
not  bisect  the  pattern  in  Figure  9;  the  direction  of  maximum  fragment 
velocity  is  not  generally  observed  to  coincide  with  the  initial  projectile 
trajectory.  Consequently,  an  angle,  y,  which  defines  the  direction  of 
maximum  fragment  velocity;  must  be  defined  when  attempting  to  pre¬ 
dict  fragment  velocity,  Vrf  (in  any  direction),  as  a  function  of  maximum 
fragment  velocity,  Vrfn.  Assuming  that  patterns  are  spherical  leads 
to  the  following  predictive  equation  for  the  ratio  of  fragment  velocity 
in  any  direction  to  the  maximum  fragment  velocity 

Vrf 

— —  =  cos  Ycos(p-v)  (1) 

V  rfn 

To  be  useful,  both  the  maximum  fragment  velocity,  Vrfn,  and  its  direc¬ 
tion  defined  by  p  must  be  established  either  empirically  or  analytically. 
Also,  it  has  been  observed  that  pattern  projections  tend  to  be  circular 
in  the  plan  view  and  elliptic  in  the  elevation  view.  Consequently,  the 
equation  requires  additional  modification  to  account  for  fragments  which 
have  directions  defined  by  Py  as  well  as  px.  In  any  direction,  fragment 
velocities  vary  below  the  highest  fragment  velocities  associated  with 
that  direction.  The  velocity  attributed  to  fragments  impacting  a  particu¬ 
lar  zone  on  the  witness  during  a  given  test  was  that  of  the  first  fragment 
to  reach  the  zone  and  break  the  circuit.  Consequently,  velocity  predic¬ 
tion  equations  relate  to  such  fragments  (these  highest  velocities  are 
undoubtedly  the  most  consistent). 
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3.  3  SECONDARY  FRAGMENT  VELOCITIES 


An  adequate  definition  of  maximum  fragment  velocity,  Vrfn,  is  required 
to  develop  Equation  (1)  into  a  useful  form.  The  residual  velocity  of  a 
projectile  which  perforates  a  thin  plate  is  closely  predicted  by1:* 

Vrp  =  - WT  J V*  -  V£  (2) 

1  +  — 12 
WP 

where  Wf0  (the  total  fragment  weight)  is  the  weight  of  plate  material 
removed 

Vx  is  the  minimum  perforation  velocity  (protection  ballistic 
limit) 

The  target  geometries  considered  are  easily  perforated  by  the  caliber 
.  30  projectiles,  even  at  high  obliquity  and  yaw,  the  minimum  perfora¬ 
tion  velocity  rarely  exceeding  500  feet  per  second.  The  lowest  projec¬ 
tile  velocity  of  1500  feet  per  second  is  at  least  three  times  as  great. 
Inspection  of  Equation  (2)  reveals  that  when  the  impact  velocity,  V0,  is 
more  than  three  times  as  great  as  the  minimum  perforation  velocity, 
the  influence  of  Vx  on  the  residual  velocity  of  the  projectile  is  less 
than  6  percent.  Consequently,  the  residual  velocity  of  the  projectile 
is  predicted  closely  by  the  following  relationship,  provided  that 
V0>>  Vx: 


V 


rp 


1  + 


Wfc 

Wn 


Vc 


(3) 


The  total  weight  of  the  secondary  fragments,  Wf0,  driven  from  the 
plate  can  be  closely  approximated  by  using  the  projected  outline  of  the 
projectile  on  the  surface  of  the  plate,  projection  lines  being  parallel  to 
the  direction  of  motion  The  area  enclosed  by  this  outline  multiplied 
by  the  plate  thickness  and  specific  weight  provides  a  value  for  Wf0. 

This  results  in  the  following  equation  for  the  weight  ratio  required  in 
Equation  (3): 


Wfo  w  Td  ( Lp  sin  <p  + 


7T  d 


(4) 


Superscripts  refer  to  listed  References. 
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For  the  caliber  .  30  armor-piercing  projectile,  Equation  (4)  reduces  to: 


Wfo  (1  1,  6  sin  0  +  3.  0  cos  0)  wT 
Wp  ~  7000  cos  0 

where  T  is  plate  thickness  in  inches 

w  is  specific  weight  of  target  material  in  grains  per  cubic  inch. 


Equa  on  (5)  can  also  be  used  to  represent  values  associated  with  the 
caliber  .  30  ball  projectile.  It  yields  the  same  value  of  the  ratio  at 
0  =  90  degrees  and  gives  values  only  1.  5  percent  and  6  percent  (maxi¬ 
mum  deviation)  low  at  45  degrees  and  0  degrees,  respectively.  Since 
yaw  values  of  interest  were  either  90  degrees  or  45  degrees,  Equation 
(5)  was  used  for  both  projectiles.  Substituting  Equation  (5)  into 
Equation  (3)  gives  an  expression  which  closely  predicts  residual 
velocity  of  the  projectile,  provided  that  V0>>  Vx. 

A  projectile  yawed  at  90  degrees  in  the  horizontal  plane  which  impacts 
a  plate  at  zero  obliquity  will  tend  to  drive  fragments  along  trajectories 
lying  in  the  vertical  plane  containing  the  initial  projectile  trajectory. 

The  maximum  fragment  velocity  will  be  maximum  along  the  initial 
projectile  trajectory.  This  observation  derives  from  considerations 
of  symmetry  and  is  illustrated  by  Figure  10.  It  is  obvious  that  this 
maximum  velocity  cannot  be  less  than  the  residual  velocity  of  the 
projectile,  since  the  maximum  velocity  direction  is  coincident  with  the 
direction  of  the  projectile.  Consequently,  the  projectile  residual 
velocity  given  by  Equation  (3)  serves  as  a  lower  bound  on  the  maximum 
secondary  fragment  velocity. 

Secondary  fragments  commonly  attain  velocities  greater  than  the 
residual  velocity  of  the  projectile,  often  exceeding  the  projectile's 
initial  impact  velocity,  V0.  The  maximum  velocity  that  a  fragment  could 
have  can  be  accurately  defined  by  considering  the  coplanar  impact  of 
two  plates.  A  target  plate  is  initially  stationary  and  is  impacted  by  a 
flyer  plate  made  of  the  same  material  as  the  projectile.  This  situation 
is  that  user]  to  study  the  solid  state  Hugoniot  behavior  of  materials2*  3. 

The  impact  pressure  at  the  coplanar  interface  is  given  by: 


_  £ jVjJjL 


,  Pz  U-2 
1  u, 


(6) 
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where  p 


is  impact  pressure,  psi 

.  ,  .  lb  sec2 

p  is  mass  density,  — : — 2 — 

in. 

U  is  Hugoniot  wave  velocity,  in. 
bulk  modulus) 

V0  is  initial  velocity,  in./sec 

1  and  2  are  subscripts  representing  the  flyer  plate  (projectile) 
and  target  plate,  respectively 


sec 


/  /K 
p 


where  K  is 


This  pressure  accelerates  the  target  material  to: 


V7  = 


2  Vo 


1  + 


Pz  U; 

PiU, 


T  >  T 

provided  that  — 1  =  — 2  (where  T  is  plate  thickness) 
U  i  U2 


(7) 


Considering  again  the  impact  geometry  characterized  by  zero  obliquity 
and  90  degrees  yaw,  Equation  (7)  should  represent  the  maximum  velocity 
of  a  fragment  driven  from  a  very  thin  plate,  since  as  thickness 
approaches  zero,  the  coplanar  impact  condition  is  approached.  How¬ 
ever,  the  lateral  surface  of  the  projectile  is  circular;  consequently, 
the  coplanar  impact  with  the  very  thi  1  plate  is  represented  by  Equation 
(7)  only  along  an  impact  line.  If  plate  fragments  are  very  small, 

Equation  (7)  should  predict  the  velocities  of  fragments  originating  near 
this  "line11  impact.  Fragments  driven  from  the  plate,  which  were 
initially  remote  from  the  impact  line,  will  have  lower  velocities.  The 
velocity  component  parallel  to  the  direction  of  the  projectile  should  be 
approximately  V2  cos  a  where  V2  is  given  by  Equation  (7)  and  a  is  the 
angle  between  the  projectile  trajectory  and  the  radial  line  to  the  point 
of  impact  (from  the  projectile  axis).  If  the  material  driven  from  the 
plate  remains  intact  (a  single  fragment),  its  velocity  is  obtained  by 
integrating  V2  cos  a  from  a  =  0  to  a  =  1  radian  (i.  e.  ,  the  fragment 
width  is  approximately  equal  to  the  projectile  caliber).  If  this  is  done, 
its  velocity  is  given  by: 


V2 


1.68V. 

j+£^ 


P|U, 


(8) 
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Equations  (7)  and  (8)  can  be  used  to  represent  brittle  and  ductile  mate¬ 
rials  respectively  (i,  e.  ,  brittle  materials  which  degenerate  into  a 
great  many  fragments  will  produce  maximum  velocities  greater  than 
will  ductile  materials  which  produce  fewer  fragments). 

As  target  plates  become  thicker,  the  coplanar  plate  impact  no  longer 
represents  the  situation.  Observations  show  that  as  thickness  increases, 
the  fragment  velocity  tends  to  approach  the  residual  velocity  of  the 
projectile J. 

When  T  =  0,  the  residual  velocity  of  the  projectile  is  equal  to  the  initial 
velocity.  For  this  case,  the  difference  between  fragment  velocity  and 
projectile  residual  velocity  is  maximum  and  is  the  difference  between 
Equation  (7)  or  (8)  and  V0.  If  this  difference  decays  exponentially  with 
increasing  thickness,  its  value  is  given  by: 


AV  =  (V2  -  V0)  e-C  T/d 

(9) 

AV  41  V0  e_C  T/d 

(10) 

where  ij;  = - -  -1.0  for  brittle  target  materials 

1 

pi 


or 


1. 68 


1  + 


P2U2 

PiU, 


-1.0  for  ductile  target  materials 


Maximum  fragment  velocity,  Vrfn>  is  equal  to  the  residual  velocity  of 
the  projectile  plus  the  difference  in  velocity  given  by  Equation  (9) 
when  the  maximum  fragment  velocity  is  along  the  projectile's  initial 
trajectory;  thus: 


Vrfn  =  Vrp  +  AV  (11) 

Substituting  Equations  (3),  (7)  or  (8),  and  (9)  into  Equation  (11)  yields: 


Vrfn  = 


1 


1  +  Wf/Wf 


+  4,e-C  T/d 


(12) 
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Table  I  contains  values  of  \\t  for  certain  materials.  (Values  of  pj  Uj 
for  both  projectiles  (steel  and  lead)  are  equivalent,  fortunately.  )3 
Equation  (12)  concerns  the  maximum  velocity  of  secondary  fragments 
generated  by  a  projectile  yawed  at  90  degrees  with  the  trajectory 
(0  =  90  degrees)  and  impacting  the  plate  at  normal  obliquity  (0  =  0). 

The  direction  of  fragments  having  maximum  velocities  is  along  the 
projectile  trajectory  (Px  =  0,  py  =  0). 

The  direction,  y,  measured  in  the  horizontal  plane  associated  with 
maximum  fragment  velocities  is  a  function  of  obliquity  and  yaw.  This 
function  has  tentatively  been  represented  by: 

v  =  ^2°:  ( 1 3) 

where  (±)  is  negative  when  0  io  positive  (CW)  and 
positive  when  0  is  negative  (CCW) 

Table  II  contains  values  of  y  used  during  the  study.  Physically,  this 
function  is  obtained  by  locating  the  bisector  of  the  major  angle  between 
the  plane  cf  the  plate  surface  and  the  projectile  axis,  and  by  measuring 
the  angle,  y,  between  this  bisector  and  the  initial  trajectory. 

Thus,  for  fragment  trajectories  which  lie  entirely  in  the  horizontal 
plane  (i.  e.  ,  py  =  0)  their  velocity  is  predicted  by: 

Vrf  =  Vrfn  cos  y  cos  (Px  -y)  (14) 

Equation  (14)  recognizes  that  only  the  component  of  the  initial  momentum 
(velocity)  in  the  direction  of  y  contributes  to  the  maximum  fragment 
velocity;  hence,  the  maximum  fragment  velocity  associated  with  y  is 
given  by  Vrfn  cos  y.  This  observation  is  substantiated  by  experiments 
involving  an  obliquity  of  45  degrees  CCW  and  projectile  yaw  of  45  degrees 
CW  (projectile  axis  parallel  to  plane  of  plate);  maximum  velocities  are 
associated  with  a  y  value  of  45  degrees  and  are  found  to  be  about 
70  percent  of  those  associated  with  the  9  =  0  degrees,  0  =  90  degrees 
geometry  used  to  derive  Vrfn  (Equation  (12)).  The  angle  (px  -y)  relates 
the  fragment  direction  to  the  direction  of  maximum  fragment  velocity, 
and  its  cosine  is  the  predicted  ratio  of  the  fragment  velocity  to  the 
maximum  fragment  velocity  at  y  =  y. 
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TABLE  I 


CONSTANTS  FOR  FRAGMENT  VELOCITY 
PREDICTION  EQUATION 


Target  Mate  rial 

C 

Rolled  Aluminum  Plate 

0.  18 

4 

Cast  Aluminum  Plate 

0.  40 

2 

Cast  Magnesium  Plate 

0.  60 

2 

Plate  Glass 

0.  61 

2 

Stretched  Acrylic  Plastic 

0.  74 

2 

TABLE  II 


COMPUTED  VALUES  OF 

DIRECTION  OF  MAXIMUM  FRAGMENT  VELOCITY 


Obliqu  ity 
(degrees) 

Yaw 

(degrees ) 

Direction  of  Maximum  Fragment 
Velocity  (Predicted) 

(degrees) 

0 

-45 

+  22.  5 

0 

0 

0 

0 

+45 

-22.  5 

0 

+90 

0 

-45 

-45 

0 

-45 

0 

-22.  5 

-45 

+45 

-45 

-45 

+  90 

-22.  5 
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Equation  (14)  pertains  to  fragments  having  trajectories  within  the 
horizontal  plane.  Secondary  fragments  which  remain  in  this  plane  are 
driven  from  the  plate  much  as  line  drives  are  driven  from  a  baseball 
bat.  Fragments  which  are  driven  upward  or  downward  behave  some¬ 
what  like  pop  flies  or  foul  balls.  Consequently,  such  fragments  attain 
lower  velocities.  A  study  of  those  geometries  where  y  =  0  revealed 
that  the  following  equation  adequately  predicted  velocities  of  fragments 
with  nonhorizontal  trajectories. 


Vrf  =  V rfn  cos  px 

i  tan  Px  tan  Py  »  < 

where  tan  px  = - 1  (Py/Px  =  1) 

tan  px 


(15) 

(16) 


Derived  for  any  value  of  y  and  extended  to  cover  any  ratio  of  Py  and  px, 
Equation  (16)  became: 


tan  =  tan2  (Px  ~V)  +  cos*  Px  ta°Z  Py 
cos2  (px  -y)  tan  (px  -y) 


(IT) 


where  (Py/Px  r  1) 
and 


tan  Px  y  - 


cos  px  cos2  px  tan2pv 

tan  (2  arctan - - tan  Pv  -  Px  +  \)  + - r-^ - 

cos  (Px  - y)  Hy  HX  cos2  (px  -y) 


cos  pv 

tan  (2  arctan - — ;  tan  pv  -  Px  +  V) 

cos  (Px  -\)  Ky 


where  (Py/Px  =  1) 
Rewriting  Equation  (14): 


(18) 


Vrf  =  V rfn  cos  Y  cos  Pxy 


(19) 


Substituting  Equation  (12)  into  Equation  (19)  yields  the  general  equation 
for  secondary  fragment  velocity  which  renders  Equation  (1)  useful  for 
the  prediction  of  velocities  when  used  with  Equations  (5).  (13),  and  (17) 
or  (18). 
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1 


(20) 


V  rf  = 


1  + 


Wfo/W, 


+  e-C  T/d  v0  cos  \  cos  Px\ 


Table  I  gives  values  for  4*  and  C;  Table  II  gives  values  for  y;  and 
Figures  11,  12,  and  13  are  plots  of  cos  (3^«y  (dashed  line  indicates  the 
common  boundary  of  Equations  (17)  and  (18)). 

Equation  (20)  predicts  the  velocity  of  a  fragment  which  traverses  a  given 
trajectory.  It  does  not  predict  direction  (although  y  is  a  good  definition 
of  the  general  direction  taken  by  major  fragments  and  the  fragment 
cloud).  It  is  not  valid  when  initial  projectile  velocity  is  much  less  than 
three  times  the  minimum  perforation  velocity. 

Figure  14  illustrates  the  capability  of  the  equation  to  predict  experi¬ 
mentally  measured  fragment  velocities.  The  data  scatter  and  bias 
are  influenced  by  three  separate  considerations: 

1.  Natural  variations  in  velocity 

2.  Measurement  error 

3.  Prediction  error 


Two  high-velocity  families  of  fragments  have  been  observed.  One  is 
associated  with  the  y  value  given  by  Equation  (13).  The  other  is  asso¬ 
ciated  with  a  y  value  of  zero.  This  latter  high-velocity  family  tends 
to  reside  in  a  zone  close  about  the  initial  trajectory,  Px  <  ±  25  degrees; 
it  may  be  generated  by  the  projectile  ogive  or  may  have  another 
explanation.  For  each  measured  fragment,  the  two  velocities  were 
computed  in  order  to  classify  the  fragment  as  a  member  of  one  family 
or  the  other.  * 

3.  4  MAJOR  SECONDARY  FRAGMENT  SHAPE  AND  WEIGHT 


For  purposes  of  analysis,  it  ir  convenient  and  sufficient  to  consider 
fragments  as  being  rectangular  in  shape.  The  assumption  on  shape 
reduces  to  the  following  equation  for  fragment  weight: 


*  The  velocity  ratios  plotted  on  Figure  14  were  based  on  the  following 
definition  of  the  two  fragment  families: 

When  (3x  >  Y  (as  computed  by  Equation  (13)1  Y  =  Y 
When  (3X  =  \  (as  computed  by  Equation  (13)]^  \  -  0 
Average  values  arc  shown  as  well  as  ranges  of  scatter 
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Wf=LX  WXTXw 


(21) 


Secondary  fragments  driven  from  a  given  type  of  plate  material  would 
be  expected  to  have  widths,  W,  related  to  projectile  caliber,  and  would 
also  be  expected  to  group  into  families  of  length  to  width,  L,/W  (and, 
therefore,  weight  to  thickness,  Wf/T).  Equation  (21)  can  be  rewritten: 


w  W2 


(Wf/T) 

(L/W) 


(22) 


Using  this  form  of  the  equation,  experimental  values  of  W,  (L/W),  and 
Wf 

are  plotted  for  each  major  secondary  fragment  retrieved.  Families 

are  tentatively  identified  on  the  fragment  weight  plot,  and  corresponding 
estimates  of  (L/W)  and  (Wf/T)  are  assigned  to  each  family.  Adjust¬ 
ments  are  made  until  the  typical  fragments  representing  each  family 
are  consistently  defined  by  both  the  experimental  data  and  Equation  (22). 
Curves  defining  the  typical  weight  and  shape  characteristics  of  each 
fragment  family  as  a  function  of  yaw  angle  for  a  given  target  material, 
impact  velocity,  and  impact  obliquity  aro  plotted. 


Figures  15  and  16  present  typical  secondary  fragment  v/eight  and  shape 
characteristics  involving  caliber  .  30  ball  and  AP  impacts  on  aluminum 
single  plates,  double  plates,  and  cast  plates.  Impact  geometry  is 
depicted  in  the  plan  view  at  four  values  of  yaw.  An  example  will  illus¬ 
trate  the  means  by  which  typical  fragment  characteristics  are  deter¬ 
mined  from  the  graphs.  Consider  AP  impact  of  a  0.  040-inch-thick 
aluminum  plate  at  an  impact  obliquity,  0,  of  45  degrees  CCW  and 
projectile  yaw,  0,  of  90  degrees  CW  (Figure  16).  Curves  1,  4,  5,  and 

Wf 

8  apply  and,  in  combination,  produce  curves  (4-8),  (4-5),  (1-5). 

While  a  (1-8)  curve  might  be  postulated,  no  fragments  having  such 
characteristics  were  observed.  The  largest  typical  fragment  has  a 
Wf 

-  of  0.  25  grain  per  inch  of  thickness  divided  bv  specific  weight  in 

Tw  * 

grains  per  inch  cubed  and,  therefore,  weighs  6  grains.  It  has  a  width 
of  0.  23  inch  (curve  4)  and  a  L/W  ratio  of  4  (curve  8);  thus,  its  length 
is  0.  92  inch  Similarily,  the  fragment  which  possesses  a 
Wf 

-  value  of  0.  065  has  a  weight  of  1 .  8  gYains,  is  0.  23  inch  wide,  and 

Tw 

is  0.  35  inch  long.  No  fragments  were  specifically  retrieved  having 
(Wf/T)  values  of  0.02;  however,  such  a  fragment  would  weigh  only 
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0.  5  grain  and  would  be  0.  1 1  inch  wide  and  0.  17  inch  long.  Many  frag¬ 
ments  of  this  general  description  are  observed  (only  major  fragments 
were  retrieved).  Cast  plates  produce  compact  fragments  which 
characteristically  possess  small  length  to  width  ratios.  Thus,  on 
Figure  16  the  largest  cast  fragment  (which  is  observed  at  a  yaw  angle 
of  45  degrees  CW)  weighs  only  0.  065  grain  per  inch  of  thickness  divided 
by  specific  weight  as  compared  with  the  fragment  driven  from  rolled 
plate  by  an  AP  projectile,  which  has  a  value  of  0.  25. 

Symmetries  and  other  conditions  permit  the  construction  of  the  curves 
shown  in  Figures  15  and  16.  Spot-check  experiments  confirm  the 
general  validity  of  these  curves  over  the  entire  ranges  of  projectile  yaw. 

3.  5  MAJOR  SECONDARY  FRAGMENT  DIRECTION 


The  diagram  of  the  experiment  shown  on  Figure  7  should  be  consulted 
to  obtain  a  visual  description  of  the  angles  and  distances  described  in 
the  following  paragraphs.  While  it  is  probable  that  predictive  equations 
concerning  fragment  direction  could  be  developed,  no  concerted  attempt 
has  been  made  to  do  so.  Rather,  the  approach  has  been  similar  to  that 
associated  with  the  definition  of  typical  fragment  weights  and  shapes. 
Fragment  direction  is  obtained  from  the  witness  by  measuring  the 
radius,  r,  and  its  x  and  y  components  (r  is  the  radial  distance  of  the 
fragment  from  the  initial  projectile  trajectory  intercept  at  the  witness). 
The  total  change  in  fragment  direction  from  the  original  projectile 
direction  is  given  by: 


r  /  2  z 

P  =  arctan  —  =  arctan  v  tan  px  +  tan  py 

(23) 

Projections 
inte  rsec tion 

of  the  angle  in  the  horizontal  and  vertical  planes 
is  the  initial  projectile  trajectory)  are: 

(whose 

r 

pv  -  arctan  — 

Kx  D0 

(24) 

y 

Pv  =  arctan 

7  uo 

(25) 

The  angles  px  and  Py  for  each  major  fragment  are  plotted  using  the 
same  graphical  format  used  to  plot  weight  and  shape  characteristics. 
Resulting  px  and  Py  curves  are  identified  (where  possible)  with  weight 
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curves  using  the  weight  curve  identification  code  (for  example,  the  px 
and  Py  curves  associated  with  the  (2-5)  curve  on  Figure  15  are 
identified  in  the  same  manner  on  Figure  17). 

Figures  17  and  18  present  the  direction  angles  corresponding  to  the 
fragments  .desc ribed  on  Figures  15  and  16.  The  px  and  Py  values 
pertinent  to  the  example  presented  during  the  discussion  of  fragment 
weight  and  shape  can  be  determined  from  Figure  18.  Specific  values 
can  be  obtained  only  for  the  (3-7),  (4-8),  and  (2-6)  families  identified 
on  Figure  16.  Ranges  of  px  and  Py  are  defined  by  PxL.*  PxR'  PyU» 
and  PyD*  The  (4-8)  fragment  defined  in  the  previous  example  typically 
has  a  direction  defined  by  px  =  -21  degrees  and  Py  =  ±  3  degrees. 

For  any  given  impact  condition,  the  horizontal  and  vertical  boundaries 
of  the  major  fragment  pattern  are  defined  by  the  maximum  and 
minimum  values  of  x  and  y  (associated  with  major  fragments)  and  the 
four  corresponding  angles  of  px,  Py  (see  Figure  7).  The  total  beam- 
spray  angle  for  the  horizontal  and  vertical  directions  is  obtained  by 
summing  appropriate  angles.  This  information  is  defined  on  Figures  17 
and  18  by  the  maximum  and  minimum  values  of  px  and  Py  at  a  given 
yaw  angle  (PXL.  PXR>  PYU.  PYD)- 

The  horizontal  and  vertical  boundaries  of  the  total  fragment  pattern  are 
defined  by  those  values  of  x  and  y  which  totally  enclose  all  perforations 
on  the  witness.  They  are  converted  to  the  beam-spray  angles  defining 
horizontal  and  vertical  dispersion  by  using  the  following  equations: 


(Q)XL  =  arctan 

^min 

D0  ’ 

(q)XR  =  arctan 

^max 

D0 

(26) 

(q)YU  =  arctan 

Ymax 

D0  ’ 

(cl)yD  r  arctan 

^min 

D0 

(27) 

Figures  17  and  18  also  depict  the  beam-spray  angles  for  the  total  frag¬ 
ment  patterns  corresponding  to  the  fragments  defined  on  Figures  15 
through  18.  Since  the  pattern  is  symmetrical  about  the  x-axis,  only 
the  upper  boundary  as  defined  by  (a)yu  *s  shown. 

While  no  concerted  attempt  was  made  to  define  fragment  direction 
analytically,  it  was  necessary  to  establish  a  criterion  for  the  prediction 
of  the  direction  of  maximum  fragment  velocity.  As  indicated  in  the 
section  on  secondary  fragment  velocities,  two  families  of  fragments 
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are  tematively  identified.  One  family  had  a  maximum  velocity  in  the 
direction  of  the  initial  projectile  trajectory  defined  as  y  =  0,  where  y 
is  the  angle,  measured  in  the  horizontal  plane,  between  the  initial 
projectile  trajectory  and  the  direction  of  maximum  fragment  velocity. 
The  other  family  had  a  maximum  velocity  in  a  direction,  measured  in 
the  horizontal  plane,  bisecting  the  major  angle  between  the  plate  surface 
and  the  projectile  axis  at  impact,  so  that: 


V  - 


6  10^90° 
2 


( 1  3)  ( 28) 


where  the  angles  are  positive  when  measured  clockwise,  and  (±)  is 
positive  when  the  sign  or  0  is  negative,  and  contrariwise. 

The  angle  y  coincides  approximately  with  the  direction  of  major  frag¬ 
ments  in  the  horizontal  plane  given  by  (3X.  Consider  the  eight  impact 
geometries  illustrated  in  Figures  17  and  18.  The  following  tabulation 
illustrates  the  correspondence  between  px  for  the  major  fragments  and 
the  angle  y  as  given  by  Equation  (28). 


TABLE  III 


COMPARISON  OF  (3X  ANGLES  ASSOCIATED  WITH  MAJOR 
FRAGMENTS  AND  PREDICTED  VALUES  OF  y 


Obliquity.  0 
(degrees) 

Yaw,  0 
(degrees) 

Major  Fragment 
Direction,  (3X 
(Figs.  11  &  12) 
(degrees) 

Predicted  Direction 

of  Maximum 

Fragment  Velocities,  y 
(degrees) 

0 

-4b 

+25 

+22.  5 

0 

0 

0 

0 

0 

+45 

-25 

-22.  5 

0 

+90 

0 

0 

-45 

-45 

0  (approx. ) 

0 

-45 

0 

-25  (approx. ) 

-22.  5 

-45 

+45 

-40 

-45 

-45 

+90 

-20 

-22.  5 

The  angle  y  appears  to  be  reasonably  reliable  as  a  means  for  predicting 
the  direction  of  major  fragments. 


20 


3.  6  LOW-VELOCITY  IMPACT  OF  ALUMINUM  ROLLED  AND 


CAST  PLATES 


Results  obtained  from  tests  involving  projectile  velocities  of  1500  feet 
per  second  compare  favorably  with  those  obtained  at  2500  feet  per 
second.  Fragment  weights  and  shapes  correspond,  in  general,  to 
those  presented  on  Figures  15  and  16.  Their  directions  are  correlated 
by  the  plots  of  Figures  17  and  18.  As  expected,  the  effect  of  neglecting 
minimum  perforation  velocity  (see  Equations  (2)  and  (3))  is  more 
pronounced.  Fragment  velocities  are  somewhat  lower  than  predicted 
and  are  more  erratic  than  those  associated  with  fragments  driven  from 
the  plates  by  high-velocity  projectiles. 

3.  7  RESULTS  OF  EXPERIMENTS  INVOLVING  OTHER  THAN 
ALUMINUM  PLATE  TARGETS 


Cast  magnesium  plates  yielded  secondary  fragments  very  much  like 
those  driven  from  cast  aluminum  presented  on  Figures  15  and  18, 
which  can  be  utilized  for  cast  magnesium  using  a  specific  weight,  w, 
of  450  grains  per  inch  cubed.  Table  I  contains  appropriate  constants 
for  computing  fragment  velocities  using  Equation  (12). 

Plate  glass  (0.  25  inch  thick)  shatters  into  pulverized  powder  which 
exhibits  very  little  penetrating  power.  Spray  patterns  are  elliptical 
and  well  defined.  Total  horizontal  dispersion  is  typically  about  50 
degrees,  25  degrees  on  either  side  of  y;  typical  vertical  dispersion  is 
±  20  degrees.  Laminated  safety  glass  (0.  i93  inch  thick)  yields  larger 
fragments  as  well  as  powder..  Fragment  yield  is  limited  essentially 
to  the  material  directly  involved  in  the  ballistic  impact.  Spray  angles 
at  0  degrees  obliquity,  90  degrees  yaw,  were  about  ±  5  degrees  in  the 
horizontal  and  ±  24  degrees  in  the  vertical  direction.  At  45  degrees 
obliquity  (CCW)  and  45  degrees  yaw  (CW),  horizontal  dispersion  extends 
from  ax  =  -55  degrees  to  ax  =  10  degrees,  and  vertical  dispersion  is 
again  about  ±  24  degrees.  Plexiglas,  type  55,  yields  many  "flake- like" 
secondary  fragments  which  quickly  lose  velocity  in  air  and  which  have 
very  little  penetrating  power.  Dispersion  patterns  are  similar  to  those 
of  glass.  Reference  to  Figures  17  and  18  reveals  that  the  dispersion 
patterns  are  similar  to  those  of  aluminum  cast  materials,  as  would  be 
expected.  Fragment  velocities  associated  with  these  materials  tend 
to  exceed  those  of  aluminum  fragments;  Equation  (7)  pertains  and  has 
larger  values  for  these  materials.  Maximum  velocities  are  associated 
with  y  a?  predicted  by  Equation  (13)  or  (28). 


2! 


Wire  bundles,  approximately  i  inch  in  diameter  and  containing 
approximately  25  individually  wrapped  stranded  wires,  broke  the  yaw¬ 
ing  projectiles  and  generated  hundreds  of  wire  splinters.  Some  of 
these  splinters  hit  end-on  and  penetrated  over  an  inch  of  Celotex. 

Total  spray  angles  exceeded  50  degrees.  Steel  tubing,  1  inch  in  diam¬ 
eter  (0.  049-inch  wall)  impacted  at  impact  obliquities  of  -45  degrees  by 
projectiles  yawed  at  45  and  90  degrees  produced  large  fragments  (25 
to  45  grains)  wfiich  had  directions  in  the  range  of  (3X  =  0  to  j3x  ■=  -40 
deg  rees . 

In  a  series  of  tests  against  flight  instruments  and  navigational  aids, 
using  the  X-ray  system  for  determination  of  fragment  spray  patterns, 
it  became  evident  that  results  of  projectile  impact  into  such  components 
are  completely  unpredictable. 
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IV.  DESIGN  CONCEPTS  FOR  SUPPRESSANT  SYSTEMS 


4.  1  SUPPRESSANT  DESIGN  CRITERIA 


The  following  criteria  are  fundamental  for  design  considerations: 

1.  Suppressant  will  not  stop  the  bullet  and,  therefore,  should 
perturb  the  bullet's  flight  no  more  than  absolutely  necessary. 

2.  Suppressant  must  not,  itself,  become  a  source  of  poten¬ 
tially  damaging  secondary  fragments. 

3.  Suppressant  must  absorb  secondary  fragment  energy 
efficiently;  energy  absorption  to  weight  ratios  must  be  as 
high  as  possible. 

4.  Design  concepts  must  be  convertible  to  practical  designs. 

4.  2  FUNDAMENTAL  DESIGN  CONSIDERATIONS 


To  stop  a  secondary  fragment,  a  thickness  of  material  must  absorb 
the  total  momentum  of  the  fragment.  This  momentum  transfer  is 
accomplished  by  shear  waves  which  move  outward  radially  from  the 
point  of  impact.  Ballistic  impact  involving  a  blunt  fragment  produces 
maximum  shearing  stresses  in  the  target  material  at  the  fragment 
periphery.  If  the  shearing  strength  is  not  exceeded  at  the  periphery, 
the  shear  waves  will  proceed  laterally  into  the  material  following  a 
radial  tensile  wave  created  by  the  rotational  component  of  the  shear. 
The  resulting  combination  of  strains  may  produce  a  tensile  failure. 
Critical  velocities  are  associated  with  the  creation  of  both  (1)  shear 
failure  at  the  fragment  periphery  and  (2)  tensile  failure  near  the 
fragment  periphery.  If  the  fragment  perforation  velocity  exceeds  one 
of  these  critical  values,  perforation  will  occur  and  the  fragment  will 
retain  a  major  portion  of  its  initial  kinetic  energy. 

Tc 

V  =  — rr —  (Shear  failure)  (29) 

C  PUtc 
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(Tensile  failure)  (30) 


'c  U<rc 


u2  u2 

U(TC  UTC 


crc 


P<U<rc  +  Utc)  <U„c  +  U„> 


<rc 


TC 


where  VTC  is  maximum  (critical)  velocity  which  can  be  sustained  in 
direction  of  projectile  motion  -  shear  (in. /sec) 

V(rc  is  maximum  (critical)  velocity  which  can  be  sustained  in 
direction  of  projectile  motion  -  tensile  (in. /sec) 

t  is  critical  shear  stress  (psi) 


U 


is  critical  tensile  stress  (psi) 

,  ..  (lb  sec2) 

is  mass  density  - 4 


in. 


TC 


wave  velocity  at  critical  shear  stress  (or  strain)  (in. /sec) 


U 


cc 


wave  velocity  at  critical  tensile  stress  (or  strain) 
(in.  / sec) 


The  lowest  critical  velocity  determines  the  limit  of  the  material  to 
sustain  ballistic  impact  without  failure  (the  critical  velocity  is  not  the 
ballistic  limit  velocity  but  is  influential  in  determining  its  value).  For 
two-dimensional  perforation  geometries  (fragment  impacting  a  strand 
of  yarn;  a  long  rod  impacting  a  sheet  of  material  parallel  to  its  axis) 
these  equations  represent  singular  values  of  critical  velocity.  For 
three-dimensional  perforation  geometries  (a  fragment  impacting  a 
sheet  of  material),  the  equations  represent  only  limiting  values  of 
critical  velocity  (perforation  will  always  occur  when  fragment  perfora¬ 
tion  velocities  exceed  limiting  values).  Lower  velocities  will  cause 
failure,  these  lower  critical  values  being  functions  of  total  displacement 
and  fragment  dimensions.  The  equations  do  provide  the  means  for 
selecting  materials  possessing  high  critical  velocities  but  do  not  pre¬ 
dict  perforation  velocities. 

Solution  for  tc,  <r  f  UTC,  Ucrc>  requires  development  of  true-stress 
(cr)  true-strain  ( c )  relationships,  which  will  usually  take  the  following 
form:4 
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6  = 

or  €  = 

where  true-stress  at  failure  is: 

°c  = 

and  true- strain  at  failure  is: 

€c  = 

Such  relationships  are  not  generally  available  for  the  variety  of  mate¬ 
rials  that  might  be  considered  for  suppressants.  Further,  dynamic 
stress- strain  relationships  appropriate  to  the  ballistic  impact  prob¬ 
lem  are  usually  nonexistent.  Those  that  do  exist  are  questionable 
because  the  state  of  the  art  does  not  yet  include  an  accurate  technique 
for  obtaining  dynamic  true-stress  true-strain  values. 

Table  IV  presents  some  critical  velocity  values  calculated  using 
Equations  (29)  and  (30)  and  data  available  in  the  literature.4’5  While 
the  values  themselves  should  not  be  taken  seriously,  they  establish 
certain  guidelines.  The  metals  are  not  truly  candidates  for  several 
reasons.  In  order  to  reduce  secondary  fragment  velocities  to  the 
critical  values  listed,  metal  plates  would  have  to  be  of  the  same  order 
of  thickness  rs  the  fragments.  Consequently,  they  would  act  as  frag¬ 
ment  generators,  simply  transferring  the  problem  from  one  place  to 
another.  The  dynamic  values  listed  for  the  felt  fibe?  s  and  polyethylene 
fibers  indicate  that  they  will  be  perforated  easily  by  fragments  having 
velocities  above  2000  feet  per  second.  The  values  given  are  limiting 
values;  actual  critical  velocities  for  the  fragment  impact  geometry 
will  be  much  less,  perhaps  about  1000  feet  per  second.  A  single 
thickness  of  felt  would  stop  the  fragment  only  after  momentum  transfer 
to  the  material  directly  ahead  of  the  fragment  had  reduced  its  velocity 
to  the  critical  value.  Consequently,  felt  pads  used  independently 
would  have  to  be  quite  thick.  However,  the  energy  absorption  capa¬ 
bilities  of  felt  materials  on  a  weight  per  unit  thickness  basis  greatly 
exceed  those  of  metals,  and  felt  materials  should  not  be  discarded  as 
candidates  for  suppressant  systems. 
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TABLE  IV 


APPROXIMATE  CRITICAL  VELOCITIES  FOR  SEVERAL  MATERIALS 
_ (Based  on  Best  Stress  "Strain  Data  Found) _ 


Stress -Strain  Data 

Limiting  Critical 

Velocities 

Obtained  at  This 

Shear 

T  ens ion 

Material 

St  rain  Rate  (in.  /  in.  /  sec) 

Ut/sec) 

(ft/ sec) 

Felt  Fibers  (Nylon,  Isostatic 

0. 0002 

1900 

2100 

Polypropylene ) 

30,000 

1200 

-- 

Polyethylene  Fibers 

30,000 

1900 

2900 

2024  Aluminum  (Annealed) 

Static 

850 

850 

Mild  Steel 

Static 

1000 

850 

Glass  reinforced  epoxy 

0.  0002 

490 

950 

TABLE  V 

LIST  OF  MATERIALS  EVALUATED  AS  SUPPRESSANTS 

A.  Opaque  Materials 


I.  Synthetic  Felts  (Nylon,  Polypropylene,  Dacron  and  Orion;  areal  densities  from  19 
to  53  ounces  per  square  yard) 

Z,  Code  710  Check  Strap  Material,  five -ply  rubber -bonded  cloth  woven  nylon  on  exter¬ 
nal  surfaces,  three-ply  woven  cotton  core 

3.  "Texhide",  five-ply  rubber -bonded  cloth,  center  ply  woven  nylon,  two-ply  woven 
cotton  outside 

4.  Celotex,  l/2  inch  thickness 

5.  Glass  reinforced  epoxy 

6.  Polyethylene,  0.  060  inch  thickness 

7.  Cloth  reinforced  rubber,  0.093  inch  thickness 

H.  Code  720  rubber  -  bonded  woven  nylon  (two-,  three-,  and  four-ply  samples). 

B.  T  ranspa  ren*  Materials 

I.  Estane 

Z.  Lexan,  0.  OfaO  inch  thickness 

3.  Polyvinyl,  0.  940  inch  thickness 

4,  Tenite  Butyrate,  0.060  inch  thickness 

Surlyn  "A",  0.  030  inch  and  U  060  inch  thicknesses 
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The  foregoing  leads  to  the  following  observations  regarding  funda¬ 
mental  design  considerations: 

1.  A  single  material  used  as  a  suppressant  must  act  as  an 
armor  to  secondary  fragments  while  affecting  the  projectile 
as  little  as  possible.  It  must  have  sufficient  areal  density 
to  reduce  the  perforation  velocity  of  the  fragment  below  a 
critical  value. 

2.  Materials  such  as  felts  will  find  application  in  suppressant 
systems  only  in  combination  with  other  materials  which 
precondition  fragments  so  that  the  energy  absorbing  mate¬ 
rial  can  absorb  the  remaining  momentum  of  the  fragments. 

3.  Reduction  in  fragment  velocity,  increase  in  fragment 
presented  area,  and  smoothing  of  the  fragments'  contours 
represent  means  for  reducing  the  perforating  capability  of 
secondary  fragments  (increasing  critical  velocity). 

Three  suppressant  design  concepts  were  investigated  experimentally. 
The  first  concept  involved  comparisons  of  single  materials  (including 
bonded  laminates)  in  their  capability  to  defeat  typical  secondary  frag¬ 
ments.  The  second  and  third  concepts  incorporate  means  for  modifying 
fragment  velocity,  increasing  fragment  presented  area,  and  smoothing 
fragment  contours,  prior  to  absorption  of  fragment  momentum  by  a 
backup  material.  For  example,  Celotex  tends  to  ball  up  in  front  of  the 
fragment,  performing  all  the  functions  identified  in  the  third  observa¬ 
tion  listed  above.  Backed  up  by  a  nylon  laminate,  or  a  felt,  it  succeeds 
in  defeating  typical  fragments.  To  study  dual  function  suppressants 
under  controlled  conditions,  metallic  and  nonmetallic  platelet  mosaics 
were  backed  up  by  absorber  materials.  The  controlled-size  platelet 
geometry  was  far  less  successful  than  other  dual  function  geometries. 
However,  initial  experiments  were  limited  in  scope,  and  a  more 
thorough  study  might  reveal  mean3  to  optimize  platelet  geometries. 

4.  3  CONTROLLED  FLATELET  CONCEPT 


Lightweight  felt  materials  and  other  similar  materials  can  absorb  a 
great  deal  of  energy  provided  that  fragment  velocities  are  reduced  well 
below  the  critical  velocities  associated  with  these  materials.  Reduction 
of  secondary  fragment  velocity  can  be  accomplished  by  using  small 
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platelets  in  front  of  the  felt,  sizec,  so  as  not  to  be  perforated  by  the 
secondary  fragment  while  accepting  momentum  from  the  fragment. 

The  remaining  normal  velocity  of  a  fragment-platelet  combination  is 
given  by: 

Wf 

(VrS^n  "  yy,  +  yy^  V0  cos  ®8  (33) 


provided  that  the  platelet  is  not  perforated.  Perforation  velocity  of  the 
platelet  can  be  predicted  using  the  equation: 


V 


xl 


(^xn)b 
crs  0S 


1  +  wf/w8 

1  -Wso/cos  08 


Ws 


(34) 


where  (V  )  is  remaining  velocity  of  platelet  (ft/sec) 
r  s  n 

V0  is  impact  velocity  (ft/sec) 

Vxi  is  platelet  perforation  velocity  (ft/sec) 

(Vxn)b  *s  minimum  perforation  velocity  for  a  large  plate  of  the 
platelet  material  having  the  same  thickness  as  the 
platelet  (ft/sec) 

0g  is  impact  obliquity  angle  of  the  secondary  fragment  at 

the  suppressant 

Wf  is  secondary  fragment  weight  (grains) 

W8  is  platelet  weight  (grains) 

Wgo  is  the  weight  of  a  platelet  plug  having  the  same  presented 
area  as  the  secondary  fragment  (grains) 

The  weight  of  the  platelet  can  be  written  as: 

Wg:(bws)As  (35) 
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where  b 

is  thickness  (in.  ) 

ws 

is  specific  weight 

(  grains 
\  in.  3  , 

(bw8) 

is  areal  density  ^ 

grains  \ 
in.2  ) 

Ag 

is  platelet  area  (sq  in.  ) 

Since  the  thickness,  (b),  establishes  the  value  for  (Vxn)^  for  any 
platelet  material,  and  since  the  ’mpact  velocity,  V0,  is  the  minimum 
value  that  Vx^  can  have.  Equation  (34)  can  be  solved  for  the  minimum 
area,  Ag,  that  a  platelet  can  have  and  not  be  perforated.  A  value  of 
areal  density,  bw,  is  assumed,  establishing  (Vxn)^.  Vxj  is  set  equal  to 
V0;  and  Equation  (35)  is  substituted  in  Equation  (34).  Once  Ws  has 
been  determined  for  given  values  of  areal  density  and  platelet  area, 
Equation  (33)  can  be  solved  to  determine  the  remaining  velocity  of  the 
nonperforated  platelet. 

A  typical  aluminum  secondary  fragment  having  a  weight  Wf  of  ?.  6 
grains,  a  presented  area  of  0.  0984  square  inch,  an  impact  velocity  of 
2430  feet  per  second,  and  an  obliquity,  0S,  of  25  degrees  was  used  to 
develop  the  curves  for  five  platelet  materials  shown  as  Figure  19.  The 
upper  curves  relate  maximum  platelet  area  to  areal  density.  The 
vertical  lines  on  this  plot  represent  the  areal  density  of  large  plates  of 
the  same  material  which  would  be  required  to  stop  the  fragment.  The 
lower  curves  show  the  resulting  residual  velocity.  To  cite  an  example, 
suppose  that  the  platelet  fragment  remaining  velocity  must  be  reduced 
to  750  feet  per  second  to  be  stopped  by  a  felt  material  having  an  areal 
density  of  40  ounces  per  square  yard  (14  grains  per  square  inch).  If 
the  platelet  is  made  of  aluminum,  an  areal  density  of  80  grains  per 
square  inch  is  the  minimum  which  the  platelet  can  have  (lower  curves). 
On  the  upper  curves,  this  areal  density  corresponds  to  a  platelet  area 
of  0.  18  square  inch,  a  platelet  of  0.42  inch  on  a  side.  The  total  areal 
density  of  the  felt-aluminum  suppressant  system  is  94  grains  per 
square  inch;  an  aluminum  plate  of  almost  twice  this  areal  density 
would  be  required  to  stop  the  fragment.  Ballistic  limit  values  used  in 
the  computations  are  obviously  quite  conservative,  and  it  is  probable 
that  suppressant  systems  having  areal  densities  of  about  50  grains  per 
square  inch  (150  ounces  per  square  yard)  can  be  developed.  Meral 
platelets  would  probably  not  be  used  in  a’ctual  designs,  since  they 
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appear  to  be  less  efficient  and  would  be  driven  through  the  felt  by  the 
projectile  and  would  thereby  represent  a  new  threat. 

The  typical  fragment  described  in  the  previous  paragraph  is  the  largest 
fragment  predicted  for  the  0  -  45  degrees  (CCW),  p  -  90  degrees  (CW) 
impact  condition  involving  an  aluminum  rolled  plate,  0.  063  inch  thick 
(refer  to  Figures  16  and  18)  perforated  by  a  caliber  30  projectile 
having  an  initial  velocity  of  2500  feet  per  second.  This  geometry 
represents  a  severe  test  for  suppressants  and  was  used  as  a  standard 
for  most  of  the  suppressant  tests.  Test  No.  202  is  typical  of  the 
suppressant  tests  involving  platel.  ts.  This  test  is  diagrammed  on 
Figure  20.  The  yawing  ball  projectile  retained  a  velocity  of  1990  feet 
per  second  after  passing  through  the  0  063  inch  aluminum  plate. 
Secondary  fragments  in  the  direction  of  the  suppressant  had  velocities 
characterized  by  the  fragment  which  missed  the  suppressant  and  had  a 
velocity  of  1925  feet  per  second.  Thirty  Texhide  No.  2  platelets,  each 
weighing  14  grains  (0.  6  X  0.6  inch  squares),  were  mounted  or.  1/8-inch 
nylon  felt.  Two  major  secondary  fragments  perforated  the  platelets 
as  shown,  retaining  velocities  of  660  and  620  feet  per  second.  Failure 
of  the  suppressant  system  was  attributed  to  failure  of  the  platelet 
material,  which  was  cut  by  the  sharp  fragments.  The  platelets  were 
contained  by  the  felt. 
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V.  EXPERIMENTAL  EVALUATION  OF  SUPPRESSANT  SYSTEMS 


In  foregoing  discussions,  it  was  established  that  ballistic  impacts  into 
plates  under  conditions  specified  for  this  program  produced  predictable 
results  and  that  results  of  low-velocity  tests  could  be  predicted  with 
reasonable  accuracy.  This  allowed  the  omission  of  a  great  number  of 
low-velocity  tests  in  favor  of  tests  to  evaluate  spall  suppressants.  The 
impact  conditions  which  created  the  greatest  hazard  to  personnel  were 
used  in  evaluation  of  spall  suppressants.  For  opaque  materials,  these 
conditions  involved  0.  063 -inch -thick  aluminum  plate  or  0.  250 -inch -thick 
aluminum  castings  at  45  degrees  obliquity,  impacted  by  either  ball  or 
AP  projectiles  at  2500  feet  per  second  and  90  degrees  yaw.  Results  of 
tests  in  which  0.020-inch-thick  aluminum  witness  sheets  were  placed 
behind  the  targets  without  suppressants  are  illustrated  in  Figures  22 
and  23.  Figure  22  illustrates  the  hazard  created  by  impact  of  aluminum 
casting  under  the  above  conditions;  (Figure  23  illustrates  the  typical 
hazard  created  by  impact  of  aluminum  sheets  under  these  conditions.  ) 
Figures  24  through  28,  to  be  referred  to  in  following  discussion,  are 
photographs  of  0.  020-inch-thick  witness  sheets  used  in  evaluation  of 
suppressants  and  may  be  compared  directly  to  either  Figure  22  or  23. 
Target  material  and/or  a  mockup  of  the  suppressant  system  is  shown 
in  the  lower  left  hand  corner  of  the  above  photographs. 

Preliminary  tests  with  various  candidate  spall  suppressants  were  con¬ 
ducted  early  in  the  program  to  provide  an  experimental  basis  for 
development  of  a  satisfactory  suppressant  system.  In  this  preliminary 
program,  one  fact  became  immediately  obvious:  a  suppressant  of 
reasonable  thickness  placed  in  contact  with  or  bonded  to  the  back  sur¬ 
face  of  a  target  specimen  has  negligible  effect  on  fragments  driven 
from  the  impacted  area.  The  reason  for  results  of  this  nature  may  be 
more  readily  understood  by  study  of  the  sequence  of  four  high-speed 
photographic  exposures  in  Figure  9.  In  Frame  1,  the  ball  projectile 
has  just  broken  through  the  aluminum  casting  and  the  fragments  are 
still  in  close  proximity  to  the  projectile.  If  the  projectile  and  fragment 
cluster  encounter  a  suppressant  at  this  time,  most  of  the  fragments 
will  continue  to  be  propelled  by  the  projectile  and  thus  cannot  be 
stopped  by  the  suppressant  (see  Figures  24  and  25).  In  Frame  2,  the 
projectile  is  about  l-l/2  inches  past  the  point  of  impact  and  most  of  the 
fragments  have  now  become  separated  from  the  projectile.  If  the  pro¬ 
jectile  and  fragment  cluster  encounter  a  suppressant  under  these  condi¬ 
tions,  the  projectile  will  punch  a  hole  in  the  suppressant;  but  each 
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individual  fragment  which  is  not  on  the  line  of  flight  of  the  projectile 
can  pass  through  the  suppressant  only  if  its  own  knetic  energy  is  high 
enough  to  overcome  the  resistance  offered  by  the  suppressant  (see 
Figures  26  and  27).  The  candidate  suppressants  which  were  evaluated 
in  the  early  stages  of  the  program  included  synthetic  felts,  cloth- 
reinforced  rubber  sheeting,  and  two  types  of  five -ply  rubber  bonded 
material.  These  preliminary  tests  served  to  bracket  the  problem. 

The  two  five -ply  materials  were  most  effective  in  stopping  the  frag¬ 
ments  generated  under  the  impact  conditions  which  had  been  shown  to 
present  the  greatest  hazard. 

In  continuing  evaluation  of  candidate  suppressant  materials,  those 
listed  in  Table  V  were  tested  singly  and  in  combination  with  each  other. 
The  test  procedure  was  the  same  as  described  for  tests  without  sup¬ 
pressants  except  that  the  suppressant  was  mounted  behind  the  plate  as 
shown  in  Figure  21.  Thus,  characteristics  of  debris  generated  as  the 
projectile  passed  through  the  suppressant  were  also  determined.  Sev¬ 
eral  of  the  materials  tested  proved  to  be  capable  of  stopping  all  secon¬ 
dary  fragments  from  the  aluminum  plate  but  were  classed  as 
unsatisfactory  because  the  projectile  punched  out  a  hazardous  fragment 
from  the  suppressant  itself. 

The  synthetic  felts  were  generally  ineffective  in  stopping  secondary 
fragments  when  used  singly  (see  Figure  28),  but  showed  promise  when 
used  in  conjunction  with  platelets  or  Celotex.  The  lightest  weight 
material  which  showed  satisfactory  characteristics  in  early  evaluation 
was  Texhide  (areal  density,  115  ounces  per  square  yard).  It  was 
decided  that  the  areal  density  could  be  reduced  if  laminations  of  nylon 
only  were  used  in  the  suppressant  material.  *  Several  samples  of 
rubber -bonded  two-,  three-,  and  four-ply  woven  nylon  laminated  and 
press-cured  were  prepared  for  evaluation  on  this  program. 

Of  the  various  materials  and  material  combinations  evaluated  on  this 
program,  a  four-ply  nylon  proved  to  be  the  lightest  material  capable 
of  stopping  ll*o  most  hazardous  fragments  generated  under  this  program. 
The  areal  density  of  this  material  is  77  ounces  per  square  yard.  The 
fibrous  particles  punched  out  of  this  suppressant  by  the  projectile  were 
fluffy  and  nonhazardous .  The  best  results  were  obtained  when  the 
spacing  between  the  target  plate  and  the  suppressant  was  no  less  than 
Ul/2  inches.  The  effectiveness  of  this  suppressant  is  illustrated  in 
Figures  26  and  27. 

*  This  conclusion  was  in  line  with  suggestion  of  operating  units  in 
Viet  Nam  (see  Reference  6). 


32 


The  hazard  due  to  secondary  fragments  from  ballistic  impact  of 
transparent  materials  tested  was  less  severe  than  that  from  structural 
materials  (Figures  29  and  30);  i.  e.  ,  these  fragments  were  generally 
smaller  and  lighter  and  therefore  has  a  lower  potential  for  incapacita¬ 
tion  of  personnel,  especially  if  the  facial  area  is  protected.  Obviously, 
any  suppressant  proposed  to  be  used  in  conjunction  with  transparent 
materials  should  also  have  good  optical  qualities.  Several  clear  plastic 
materials  were  evaluated  as  suppressants  against  fragments  generated 
by  projectiles  at  2500  feet  per  second  and  90  degrees  yaw  impacting 
laminated  glass  and  acrylic  plastic  at  45  degrees  obliquity.  All  of  these 
suppressant  materials  were  found  to  produce  secondary  fragments 
themselves  as  the  projectile  passed  through. 

The  transparent  suppressant  material  which  gave  the  best  overall 
performance  was  0.  060-inch  Surlyn  A.  Required  spacing  between 
target  plate  and  Surlyn  A  was  2  inches.  Under  these  conditions,  most 
of  the  fragments  were  stopped  as  illustrated  in  Figure  3  1.  However, 
in  addition  to  the  fact  that  the  hazard  was  not  completely  eliminated  by 
use  of  Surlyn  as  a  suppressant,  other  problems  could  be  created  when 
using  this  material: 

1.  Debris  driven  from  laminated  glass  and  acrylic  plastic  con¬ 
tained  a  large  amount  of  very  small  dustlike  particles  which  appeared 
to  be  electrically  charged;  therefore,  they  were  attracted  to  and  depos¬ 
ited  on  the  surface  of  the  plastic  suppressant,  reducing  light  trans¬ 
mission. 

2.  An  area  of  approximately  10  square  inches  was  rendered 
opaque  by  direct  impingerr  _,it  of  energetic  debris  particles. 

3.  Dust  could  collect  between  the  suppressant  and  the  windshield 
in  normal  operation,  creating  a  maintenance  problem. 

In  view  of  the  above  facts,  it  may  be  considered  advisable  to  provide 
adequate  body  protection  (i.e.  ,  visors,  heavy  clothing)  to  the  personnel 
in  the  cockpit  area  in  order  to  avcid  the  complication  of  a  backup  for 
the  primary  transparent  material.  Of  the  primary  transparent  materials 
tested,  the  material  which  produced  the  least  hazardous  fragments  due 
to  impact  was  stretched  acrylic  plastic  (MIL-P-25690A).  This  material 
also  showed  the  lowest  loss  of  visibility  due  to  ballistic  impact  (see 
Figure  32). 
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VI.  CONCLUSIONS 


It  has  been  shown  that  velocities  and  distributions  of  secondary  frag¬ 
ments,  generated  by  ballistic  impact  of  aircraft  structural  materials, 
can  be  predicted  when  the  impact  conditions  are  known.  A  secondary 
fragment  suppressant  system  has  been  developed  which  is  capable  of 
stopping  the  highest  energy  fragments  (or  those  fragments  represent¬ 
ing  the  greatest  hazard  to  personnel)  generated  by  ballistic  impact 
under  conditions  specified  for  this  program.  This  system  consists  of 
a  bonded,  four-ply  woven  nylon  sheet,  Code  720,  placed  with  a  minimum 
of  1-1/2  inches  clearance  on  the  inside  of  a  surface  through  which  bullet 
penetration  may  be  expected.  The  areal  density  of  this  material  is  77 
ounces  per  square  yard. 

A  completely  satisfactory  suppressant  system  to  be  used  in  conjunction 
with  transparent  materials  has  not  been  developed.  Transparent  mate¬ 
rials  which  could  be  used  as  suppressants  produce  fragments  themselves 
and  also  introduce  maintenance  problems. 

A  suppressant  system  to  be  placed  on  the  floor  of  aircraft  and  which 
must  carry  relatively  heavy  loads  was  evaluated.  This  involves  place¬ 
ment  of  1 4/ 2-inch-thick  foamed  rubber  between  the  four-ply  nylon  and 
the  floor.  Such  a  system  was  shown  to  be  capable  of  stopping  most 
fragments,  but  it  was  not  optimized;  i .  e.  ,  other  materials  could  prob¬ 
ably  be  selected  which  would  have  a  lower  areal  density. 
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VII .  RECOMMENDATIONS 


It  is  recommended  that  the  Code  720  material  or  a  material  having 
equivalent  resistance  to  penetration  by  fragments  be  adopted  for  appli¬ 
cation  a^  described  above,  where  practicable,  to  aircraft  subject  to 
attack  from  ground-fired  weapons. 

In  lieu  of  application  of  a  suppressant  to  transparent  aircraft  materials, 
it  is  recommended  that  the  transparent  material  be  stretched  acrylic 
plastic  wherever  possible,  since  this  material  produces  the  least  haz¬ 
ardous  fragments  and  suffers  the  least  loss  of  visibility  due  to  impact. 
Transparent  materials  should  be  as  thin  as  practicable  (within  strength 
requirements  for  operating  loads)  to  further  reduce  the  hazard  due  to 
fragments.  Personnel  in  close  proximity  to  transparent  materials 
should  wear  protective  clothing  and  face  visors. 
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ose-Up  of  Yaw-Producing  Muzzle  Attachment 


Schematic  of  Fragment  Data  Collection  System 


Secondary  Projectile  Trajectory  Deviation 


I 

A 


Caliber  .  30 
Smoothbore  Gun 


Figure  4.  Experimental  Arrangement  for  Determining  the  Spall  and 
Debris  Producing  Characteristics  of  the  Several  Aircraft 
Materials  and  Components 
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Figure  5.  Setup  tor  Ballistic  Test  of  Aircraft  Materials 
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Figure  6.  Copy  of  Polaroid  Record  from  Oscilloscope 


DRI  PROJECT  NO.  93  I 
DATA  REDUCTION  SHEET 


TARGET  DESCRIPTION: 
Material  -CAST  MG. 

Thickness  .  262  UIlIu 
Other: 


PROJECTILE  TERMINAL  BALLISTICS: 

Residual  Velocity  (if  measured) - 

Breakup:  Core  .  -(yes  or  no) 

Jacket _Ya8 - (yes  or  no) 


Test  No.  87  31  Aug  *66 

Projectile  fe  Wt.  R».MZ(1  52)(ftraina) 

Impact  Velocity  2L5lL5 — _ (ft/sec) 

OK. 4  5_-  (degrees  CW  or  CCW — 21 

QO  <deffree«  CWJ5_or  CCW - 

Normal  Distance  to 

Velocity  Witness  Dc _ LL  ^5 - (inches) 

Normal  Distance  lo 

Pattern  Witness  Don _ 1  1  - (inches) 


-(ft/*ec) 


Trajectory  | 
Intercept 


ZONE: 

APPROX*  NO*  FRAGS. 

MAJOR  FRAGMENTS:* 
Res.  Vel.  Vrf(ft/sec) 
Weight  Wf/grainsl 
Length  (inches) 
Width  (inches) 
Thickness  (inches) 
Shape: 


x  left 
x  right 

y  up 

y  down 


(inches) 

(inches) 

(inches) 

(inches) 


r-radius  (inches) 

Px 

Py 

P 

cos  p 

Vrfn  cos  p 
Vrfn  cos  p/Vrf 


BEAM  SPRAY  ANGLES: 

Xl-H—Xr - 1- 

gL  sn  gR— ai 


545 

680 

750 

700 

y it — LLj-  Yd- 

ff(j — 4_3 —  jp- 


Approx.  No.  Major  Fragments*  - 

Est.  Total  No.  Fragments  £QQ - 

Est.  Total  Wt.  Fragments  (grains)  ■  . - 

REMARKS:  (Details  of  photographic  or  X-ray  coverage,  observations,  etc. 
Test  apparently  valid  in  all  respects  —  y*a  n0. 


Figure  8.  Data  Reduction  Sheet 
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Figure  12.  Px  as  a  Function  of  Impact  Geometry  when  y  =  -22.  5  Degrees 
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Figure  15.  Typical  Fragment  Weight 
Function  of  Yaw;  Normal 
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Figure  16,  Typical  Fragment  Weight  and  Shape  Characteristics  as  a 
Function  of  Yaw;  Impact  Obliquity  45  Degrees 
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Figure  18. 


Fragment  Direction  and  Beam-Spray  Angles  for  Major 
Fragments  and  Patterns  as  a  Function  of  Projectile  Yaw 
Impact  Obliquity  45  Degrees 


Did  Not  Hit 
Suppressant 


Bullet 


Figure  22.  Witness  Sheet  Showing  Results  of  Impact  of  Cast  Aluminum 
Without  Suppressant 


Figure  23,  Witness  Sheet  Showing  Results  of  Impact  of  Aluminum 
Sheet  Without  Suppressant 


Figure  24.  Witness  Sheet  Showing  Results  of  Impact  of  Aluminum 
Sheet;  Ionomer  Suppressant  in  Contact 


Figure  25.  Witness  Sheet  Showing  Results  of  Impact  of  Aluminum 
Sheet;  Composite  Suppressant  in  Contact 
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Figure  26.  Witness  Sheet  Showing  Results  of  Impact  of  Cast  Aluminum 
Using  Code  720  Suppressant  1*1/2  inches  Behind  Target 
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Figure  27.  Witness  Sheet  Showing  Results  of  Impact  of  Aluminum  Sheet 
Using  Code  720  Suppressant  1-1/2  inches  Behind  Target 
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Figure  28.  Witness  Sheet  Showing  Results  of  Impact  of  Cast  Aluminum 
Using  Synthetic  Felt  Suppressant  1-1/2  inches  Behind  Target 


Figure  29.  Witness  Sheet  Showing  Results  of  Impact  of  Laminated 
Glass  Without  Suppressant 
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Figure  33.  Typical  Time-of- Arrival  Circuit 
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APPENDIX  I 


DESCRIPTION  OF  INSTRUMENTATION  FOR 
FRAGMENT  VELOCITY  DETERMINATION 


A  determination  of  fragment  velocities  c?>n  be  made  if  the  time  of 
arrival  of  the  first  fragment  in  each  of  a  number  of  strategically  located 
zones  behind  the  target  can  be  measured.  To  avoid  the  necessity  for  a 
large  number  of  recording  devices,  a  system  of  time -of-arrival  cir¬ 
cuits  was  devised  to  permit  the  recording  of  several  zones  on  a  single 
oscilloscope  trace.  An  oscilloscope  preamplifier  permitting  the  time- 
shared  use  of  four  input  channels  at  a  1 -megacycle  sampling  rate 
provides  a  four-fold  increase  in  recording  capability  over  that  available 
with  a  single -channel  preamplifier. 

The  basic  circuit  is  shown  in  Figure  25,  and  recording  instrumentation 
is  shown  in  Figure  26.  A  break  screen,  shown  dotted  at  the  end  of  a 
length  of  coaxial  cable  in  Figure  25,  provides  the  time -of -arrival  indi¬ 
cation.  The  screen  consists  of  a  zig-zag  pattern  of  conducting  ink  on 
paper  backing  (see  Figure  27).  In  operation,  a  current  of  approximately 
0.  1  amp  is  supplied  to  the  screen  through  a  No.  328  lamp  and  a  470- 
ohm  resistor  in  parallel.  The  lamp  provides  visual  evidence  of  circuit 
continuity  before  a  test.  Since  the  resistance  of  the  screen  is  about  50 
ohms,  the  voltage  at  the  junction  of  the  lamp  and  screen  is  about  5  volts. 
The  supply  voltage  is  24  volts  and  may  be  positive  or  negative,  depend¬ 
ing  upon  whether  the  desired  output  pulse  is  positive  or  negative. 

When  a  fragment  penetrates  the  screen,  the  circuit  is  interrupted  and 
the  voltage  at  the  junction  of  the  lamp  and  screen  rises  toward  the 
supply  voltage.  The  rise  time  of  the  circuit  depends  upon  the  length 
of  cable  between  the  circuit  and  the  screen.  For  30-foot  cables,  the 
time  constant  involved  is  less  than  1  microsecond  and  may  be  neglected 
for  the  present  application.  This  fast-rising  step  is  coupled  through 
the  diode,  D,  to  the  differentiating  network  consisting  of  R1(  C,  and 
the  50-ohm  load  resistor.  The  pulse  appearing  at  the  output  connector 
is  attenuated  by  the  divider,  consisting  of  the  load  resistor  and  Rlf  to 
a  value  of  the  order  of  1  volt.  The  exact  amplitude  is  determined  by 
the  value  of  Rj,  and  the  shape  (decay  time  constant)  is  determined  by 
the  values  of  R\  and  C.  By  varying  the  sizes  of  Ri  and  C,  pulses  of 
several  amplitudes  and  shapes  can  be  developed  and  fed  to  a  common 
load  resistor  and  output  line,  as  illustrated  in  Figure  6.  In  theory, 
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it  should  be  possible  to  add  as  many  as  16  different  pulses  to  a  single 
output  line;  i.e.  ,  four  different  time  constants,  two  amplitudes  and 
both  polarities.  However,  for  the  present  program  it  was  decided  to 
limit  the  number  of  pulses  per  output  to  four  to  facilitate  data  reduction. 
Thus,  a  total  of  16  screens  could  be  recorded  with  a  four -channel  pre¬ 
amplifier. 

The  diode,  D,  is  included  to  prevent  multiple  triggering  at  a  given 
screen.  Once  a  screen  hab  been  broken  long  enough  for  the  differenti¬ 
ating  network  to  discharge,  it  must  be  closed  for  a  time  determined  by 
the  tiine  constant  of  R2  and  C,  before  a  second  pulse  can  be  generated. 
The  resistor,  R2,  is  made  much  larger  than  Ri  to  insure  that  a  second 
pulse  does  not  appear  during  the  time  of  interest. 
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APPENDIX  H 
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APPENDIX  III 


APPLICATION  OF  SUPPRESSANTS  TO  AIRCRAFT 


Determination  of  areas  within  specific  aircraft  to  which  suppressants 
should  be  applied  is  beyond  the  scope  of  this  program.  It  seems  clear, 
however,  that  each  area  to  be  protected  in  each  aircraft  will  have  a 
unique  installation  problem  for  which  a  suppressant  kit  could  be  designed 
to  provide  maximum  personnel  protection  from  secondary  fragments. 

The  philosophy  on  which  the  design  and  installation  procedures  should 
be  based  is  as  follows: 

1.  Wherever  possible,  the  suppressant  should  be  applied 
directly  to  existing  airframe  structure  (ribs,  etc.  )  providing  a  normal 
standoff  of  1-1/2  inches. 

2.  Suppressant  should  be  attached  to  the  airframe  by  a  cement 
having  a  high  bonding  strength.  (The  airframe  should  not  be  modified, 
as  by  drilling.  ) 

?.  To  the  extent  possible,  the  use  of  rivets,  metal  clips,  etc.  , 
to  attach  suppressants  to  airframe  should  be  avoided.  Such  devices 
become  new  sources  of  fragments. 

4.  Where  special  supports  are  required  to  obtain  the  desired 
standoff,  such  supports  should  be  made  of  low-density  materials  incap¬ 
able  of  producing  hazardous  fragments. 

The  cement  used  to  bond  the  four-ply  nylon  suppressant  to  aircraft 
structural  surfaces  was  EC1362.  A  tear  test  was  conducted  to  estab¬ 
lish  the  strength  of  the  bond  when  this  cement  was  used  to  adhere  a 
sample  of  the  four-ply  nylon  suppressant  to  a  strip  of  aluminum,  A 
force  of  16  pounds  per  linear  inch  applied  at  a  right  angle  to  the  joint 
was  required  to  tear  the  material  away  from  the  aluminum. 

Where  the  suppressant  is  to  be  used  to  cover  a  floor  area  in  the  air¬ 
craft  and  is  required  to  support  relatively  heavy  loads,  the  desired 
standoff  may  be  achieved  by  use  of  foamed  rubber  or  plastic  padding 
such  as  that  used  under  carpets  in  domestic  applications.  Impact  tests 
were  conducted  to  evaluate  the  effectiveness  of  the  suppressant  used  in 
conjuncfion  with  padding  of  this  type.  A  l-l/2-inch- thick  layer  of 
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foamed  rubber  padding  was  sandwiched  between  the  four-ply  nylon 
suppressant  and  aluminum  plate.  This  sytem  was  impacted  at  45  degrees 
obliquity  by  a  ball  projectile  at  2500  feet  per  second  and  90  degrees  yaw. 
In  each  of  these  tests,  a  single  fragment  was  carried  through  the 
suppressant  system,  apparently  as  a  cap  on  the  projectile;  otherwise, 
the  suppressant  functioned  as  efficiently  as  in  previous  tests.  Selection 
of  the  spacer  material  for  a  floor  area  application  of  suppressant  should 
obviously  be  based  on  a  more  extensive  series  of  tests  to  find  an 
optimum  material  in  terms  of  areal  density  and  weight-carrying  ability. 
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